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ABSTRACT 


The  potential  of  spherical  glass  shells  for  dcep-suhmergencc  applications 
was  cxplorofi  by  determining  the  hydrostatic  collapse  strength  of  20  hemispheres 
of  annealed  Pyrex  glass.  The  experimental  collapse  pressures,  which  ranged 
between  G700  and  -13,250  psi,  were  adequately  calculated  using  an  empirical 
design  equation  for  the  elastic  buckling  strength  of  initially  imperfect  spheres. 
Maximum  stress  levels  of  about  300,000  psi  wore  obtained  in  these  tests.  These 
results  do  not  demonstrate  the  maximum  compressive  strength  of  Pyrex  glass 
since  each  failure  initiated  in  the  elastic  buckle  range.  The  tests  verify  earlier 
calculations  which  indicated  that  spheres  of  Pyrex  glass  or  of  other  “bridgnianite” 
materials  have  an  outstanding  strength-to-weight  advantage  over  any  other  type 
hull  using  known  materials.  However,  the  long-term  mechanical  properties  of  glass 
in  a  marine-environment  must  he  evaluated  before  its  potential  for  deep-sulimergence 
applications  may  he  properly  assessed. 


INTRODUCTION 

Glass  has  a  rather  poor  reputation  as  a  structural  material.  It  is  generally  accepted 
that  annealed,  unstrengthened  glass  (glass  without  an  initial  compressive  stress  near  its 
surfaces)  is  susceptible  to  catastrophic  failure  initiating  in  its  surface  when  under  relativi'ly 
low  tensile  loads.  Recent  advances  in  the  chemical  strengthening  of  glass,  however,  grenUy 
increase  its  ability  to  resist  tension  loads  anti  make  it  appear  vety  attractive  for  many  struc¬ 
tural  applications. 

Until  recently,  the  extremely  high  compressive  strength  of  glass,  Iioth  in  the  annealed 
and  in  the  surface  compressed  condition,  was  a  somewhat  lesser  known  pro|)erty.  Lillie 
nltentiun  has  been  drawn  to  tests  conducted  by  Briilgman,*  which  demonstrated  the  unbeliev¬ 
able  resislai'ce  which  glass  offers  to  compressive  loads.  By  subjecting  thick-walleil  glass* 
cylinders  with  about  a  3  to  I  ratio  of  external  to  internal  radius  to  pressures  of  100, 000  psi, 
Bridgman  obtained  calculated  compressive  stress  levels  of  800,000  psi  without  fracture. 

Unaware  of  Bridgmsin’s  earlier  work,  and  in  search  of  new  materials  for  deeit-submer- 
gence  applications,  the  David  Taylor  Model  Basin  conducted  exploratory  hydrostatic  tests 
of  20  long,  unstiffened  cylinders  of  No.  77-10  glass,"  The  results  of  this  study  indicated 
that  glass,  with  its  high  compressive  strength  and  relatively  low  weight,  has.considoralile 
potential  ns  a  material  for  deep-depth  hulls.  jt|H'cifically,  calculations  based  on  these  test 

'Kefi'trnces  are  listed  on  Jl. 

(ull  dolHils  of  these  e^rly  expcrimmis  have  been  lost,  HoweviT,r\i  is  probable  that  the  Klass  aus 
sodvi-hme  since  Pyrex  \v««s  not  av.iiKible  at  that  time* 


rft.suit3  anfJ  those  of  near-perfect  aluminum  hemi.spherorf^*'’  indicated  that  glass  spheres  have 
a  fjr>tential  of  demonstrating  far  higher  strength-to-weight  ratios  than  attainable  by  any  other 
type  hull  using  currently  available  materials. 

To  positively  demonstrate  the  performance  of  spherical  glass  shells,  20  glass  hemi¬ 
spheres  •*crc  tested  to  collapse  under  external  hydrostatic  pressure.  This  report  summarizes 
these  test  results,  compares  the  experimental  collapse  pressures  with  pressures  calculated 
using  an  empirical  equation  for  near-perfect  spherical  shells,  and  compares  the  strength- 
weight  characteristics  of  glass  spheres  with  those  of  spheres  of  other  materials. 


BACKGROUND  ON  RECENT  MODEL  BASIN  TESTS  OF 
MACHINED  SPHERICAL  SHELLS 


The  classical  small-deflection  theory  for  the  elastic  buckling  of  a  complete  sphere  was 
first  developed  by  Zoelly  in  1915  and  has  been  summarized  by  Timoshenko.®  In  this  analysis 
it  is  assumed  that  buckling  will  occur  at  that  pressure  which  permits  an  equilibrium  shape 
which  is  minutely  removed  from  the  perfeedy  spherical  deflected  shape.  The  general  expres¬ 
sion  for  this  classical  buckling  pressure  may  be  given  as 


Per  = 


KE(h:R)- 

v/r-v2 


(II 


where  K  is  a  buckling  coefficient, 

E  is  Young’s  morluius, 
h  is  the  shcil  thickness, 

R  is  the  radius  to  the  midsurface  of  the  shell,  and 
V  is  Poisson’s  ratio. 

A  small-deflection  buckling  coefficient  h’j  of  1.15  was  obtained  by  Zoelly  for  initially 
perfect  spheres.  Thus,  his  classical  small-deflection,  linear  buckling  theorj’  for  initially 
perfect  spheres  may  be  expressed  ns 

U\nE(h/Rf 


Unfortunately,  the  very  limitetl  data  existing  prior  to  recent  Model  Unsin  tests  (b  not  support 
the  linear  theory;  elastic  buckling  coefficients  of  roughly  one-fourth  the  classical  value  were 
observetl  in  earlier  tests  recorded  in  the  literature,®  Various  investigators  have  attempted 
to  explain  this  discrepancy  by  introrlucing  nonlinear,  largt'-deflection  shell  equations.  In 
effect,  their,  expressions  for  the  theoretical  buckling  pressures  resulting  from  the  noalin“ar 
e<iuations  take  the  sanre  general  form  as  Equation  [ll.  However,  the  elasiif'  Ixirtn-'g  loeffi- 
cients  are  often  about  one-fourth  of  the  classical  coerficiiut,  A’j  and  thus  are  generally  in 


fair  agreement  with  the  early  experiment?.  A  more  complete  background  on 'these  larae 
deflection  analyses  is  gi'/en  in  References  6  and  7, 

The  test  specimens  used  in  the  earlier  tests,  the  results  of  which  have  been  frequently 
compared  to  the  theoretical  buckling  pressures  for  initially  perfect  spheres,  were  formed  from 
flat  plates.  Thus,  although  little  data  arc  available,  it  can  be  assumed  that  these  early  speci¬ 
mens  had  significant  departure  from  sphericity  as  'well  as  variations  in  thicknes-  and  residua! 
stresses.  Those  specimens  which  were  not  complete  spheres  also  bad  adverse  Ijounds'}. 
conditions.  Since  initial  imperfections  affect  collapse  strength,  the  comparison  of  e\ist:ns: 
theory,  both  lineai  and  nonlinear,  with  the  early  experiments  is  not  valid.  Cniil  very  recently, 
however,  no  attempt  has  been  made  to  theoretically  evaliraie  the  effect  of  initiid  imperf.-ction' 
on  the  collapse  strength  of  deep  or  complete  spheres. 

To  clarify  this  rather  largo  discrepancy  bofween  the  classical  buckling  pressure  and 
the  early  experimental  data  recorded  in  the  literature,  the  Model  Basin  has  launcheil  a  rather 
extensive  experimental  program.*  Test  specimens  are  being  machinoil  as  well  as  manufactured 
according  to  fca-sihle  large-scale  fabrication  procedures.  To  date,  however,  most  of  the 
results  have  been  obtained  from  small  machined  models.  Although  this  program  is  at  a  rela¬ 
tively  early  stage,  advances  have  been  made  in  understanding  the  collapse  niechanisi;:  and 
in  the  rational  design  of  spherical  shells. 

Three  scries  of  models  have  been  machined  to  study  the  experinsenlal  collapse  strength 
of  near-perfect  deep  spherical  shells. .  Ratios  of  experimental  collapse  pressure  to  the 
pressure  obtained  from  classical  smnll-dcflection  theory  of  about  0.7  to  0.9  were  obtained. 
These  ratios  arc  considerably  higher  than  the  ratios  obtained  in  previous  tests  rect>rilod  in 
the  literature,  and  they  demonstrulo  the  detrimental  effects  of  initial  imperfections  on  collapse 
strength.  Since  those  models  had  small,  unavoidable  imperfections,  the  experimental  results 
lend  considerable  Support  to  the  validity  of  the  small-deflection  analysis  for  the  elastic 
buckling  strength  of  initially  perfect  spheres. 

The  effect  of  initial  imperfeclio.ns  or  unevenness  factors  on  the  elastic  buckling  coeffi¬ 
cients  obtained  in  recent  Model  Basin  tests  of  deep  spherical  shells  is  discussed  in  Refer¬ 
ence  4  and  shown  graphically  in  Figure  1.  It  is  illustrated  in  Figure  I  that  no  single  buckling 
coefficient  may  be  useti  in  Equation  [l|  to  calculate  the  strength  of  sjdir'ric.il  shells  which 
have  varying  degrees  of  initial  imperfections.  However,  it  is  also  illustrated  in  Figure  I 
that  although  the  classical  buckli"?:  is  apparently  valid  for  perfect  spheres,  it  is 

impossible  to  immue'.cture  or  measure  most  spherical  shells  with  sufficient  perfection  to 
justify  the  use  of  the  classical  equation  in  design. 

Based  on  the  result.s  pr(*sente(l  in  Figure  1,  the  Model  B.asiii  has  recominendetl  the 
following  empirical  equation  for  the  elastic  buckling  strength  of  near-perfeel  spheres,''*'**' 


•This  pj\>a:r«m  covtffs  both  the  ei.istic  «m<l  invliistic  strfnijth  sphff»c**l  shcHsw  Sinct?  this  stuilv  is 

concerned  with  ehisiic  strength  oidv.  a  discussion  o(  inel«istic  st7vn<th*is  omitredr- 
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0.8  E  ih/Rf,)- 


whcrc  Ihe  use  of  the  outside  radius  is  dictated  hy  sirr.plc  load  oqui librium.  In  dcvelopini: 
Equation  [3)  as  a  design  equation,  a  sphere  ’Aas  considered  near-perfect  when  its  departures 
front  sphericity  over  a  critical  length  as  defined  in  Reference  7,  were  less  th.in  2  1/2  percent 
of  a  shell  thickness.  If  small  variations  in  shell  thickness  are  present,  the  minimum  shell 
thickness  4  should  he  substituted  for  h  in  Equation  [3]. 

Tests  have  recently  been  conducted  on  machined  deep  spherical  shells  'Aith  known  flat 
spots  and  thin  spoLs.®  Tc  calculate  the  collapse  strength  of  these  initially  imperfect  spheri¬ 
cal  shells  requires  a  close  examination  of  the  local  imperfections.  A  preliminary  evaluation 
of  these  test  results,  together  with  results  of  machined  spherical  segments  with  clamped 
boundaries^  indicates  that  the  clastic  buckling  strength  of  initially  imperfect  spherical  shells 
is  essentially  a  function  of  the  local  curvature  and  thickness  of  a  segment  of  critical  arc 
longt  L^.  This  critical  length  is  approximated  by 

2.2  (A-,  hj': 

HI 

The  notation  used  for  the  imperfect  shell. is  shown  in  Figure  2. 

Thus,  the  elastic  buckling  pressure  of  an  initially  iniporfocl  spherical  shell  may  bo 
eslimutcd  by  using  the  following  formula:® 


,  0.8E  \ 


Kccout  tests  have  also  been  conducted  on  hemispherical  shells  with  varying  boundary 
conditions.^  These  results  have  not  been  completely  evaluated.  However,  lest  results  of 
shells  with  rigid  boundaries  indicate  that  clamping  the  edge  of  a  hemisphere  may  cause  it  to 
colla|>so  elastically  at  a  pressure  about  10  to  20  percent  below  the  collapse  |)rcssure  of  a 
complete ’sphere  of  the  same  thickness-to-radius  ratio  and  the  same  magnitude  of  initial 
imperfections. 


DESCRIPTION  OF  MODELS 

Two  series  often  hemispherical  models  of  annealed  Pyrex-brand  borosilicate  gla-<s 
were  procured.  •Pyrex-brand  glass,  which  is  designed  by  Corning  (Hass  Works  as  No.  7710, 
has  a  Young's  modulus  K  in  the  annealed  condition  of  9.07  >.  10®  psi,  a  Poisson’s  ratio  of 
0.19,  and  a  specific  gravity  of  2,23."  One  series  of  models,  ilesignated  Models  A  through  .1, 
was  manufactured  by  the  National  Bureau  of  Stantiurtls.  These  models  were  obtaini'd  by 


parting  a  hanrl-blown  spherical  shell  to  provide  an  approximate  ISO-tleg  segment  and  by  hand 
lapping  the  parted  surface  on  a  glass  plate.  The  second  series  of  models,  manufactured  by 
the  Fisher  and  Porter  Company  and  designated  Models  1  through  10,  was  obtained  by  grinding 
and  polishing  a  molded  shell  on  all  surfaces. 

The  wall  thickness  and  local  outside  radii  were  measured  for  each  model  at  predeter¬ 
mined  orientations.  !n  addition,  the  minimum  siieli  thickness  was  also  measured  and  recorded 
with  respect  to  its  angular  orientation.  The  wall  thickness  of  the  hand-blown  models  was 
measured  using  a  micrometer;  the  thickness  of  the  grounrl  and  polisherl  mrxlels  was  measured 
using  a  support  and  a  dial  gage  calibrateil  In  O.OflOl  in.  The  local  outside  radii  were  meas- 
uretl  in  an  identical  manner  for  each  model.  The  radii  away  from  the  odges  were  obtained  by 
use  of  a  dial  gage  supported  by  a  hollow  cylinder  with  an  inside  diameter  of  ().r>:5  in.  First, 
the  hollow  cylinder  with  the  attachcrl  dial  gage  was  placed  on  a  solid  s()here  of  known  radius 
and  a  reference  reading  was  recorded.  Then  the  support  cylinder  was  placed  on  the  spherical 
glass  surface  and  dial  readings  were  recorded  at  various  orientations.  By  geometrically 
relating  the  dial  reading  ohtaintsl  from  the  reference  sphere  to  those  obtained  at  \arious 
orientations  on  the  glass  hemispheres,  the  local  outside  radius  Ic i  over  0.5.‘?-in.  chord  length 
was  obtained.  The  local  outside  radius  of  the  edges  of  the  hemispheres  was  assumed  to  he 
equal  to  one-half  the  measured  diameter.  Photographs  of  these  inspection  proct'dures  are 
shown  in  Figure  3.  The  measured  wall  thicknesses  at  various  orientations  are  listed  for  the 
two  series  in  Tables  1  and  2;  the  minimum  measured  wall  thicknesses,  the  measured  local 
outside  radii  at  the  point  of  minimum  thickness,  and  other  significant  model  dimensions  are 
given  in  Table  3, 

The  calculated  local  outside  radius  over  a  0.r)3-in.  chord  length  varied  considerably 
for  the  hand-blown  models  although-  in  no  instance  did  the  variation  occur  abru|)ily.  ’I’hi' 
calculated  outside  radius  of  the  ground  nnd  polished  models  was,  for  all  practical  purposes, 
constant  for  each  model.  Thus,  the  variation  in  thickness  for  the  ground  and  polished  modtds 
was  evidently  a  result  of  local  variations  in  the  inside  radius  aiul  the  improper  location  of 
the  inside  radius  with  respect  to  the  outside  nidius. 

TEST  PROCEDURE  AND  RESULTS 

Each  model  was  sealetl  by  placing  PllC  sealing  com|)ound  between  the  glass  aad  a 
heavy  steel  end  plate  and  then  subjected  to  external  hydrostatic  pressure  in  the  3-in.,  aO.OOO- 
psi  pressure  tank.  Pressure  was  applied  in  increments  during  each  test.  Each  new  |)ressuri' 
was  held  at  least  1  min,  and  the  final  pressure  increment  was  less  than  a  percent  of  tiu' 
maximum  prt'ssure  applied.  Mtxlel  !)  was  romovtxl  frtrni  the  tank  aad  inspected  after  b(>ing 
subjected  to  a  pressure  of  dS.aOO  psi.  No  damage  or  leakage  was  observed  and,  therefore. 
Model  9  was  placed  back  into  the  tank  and  tested  to  collapse.  No  visual  inspection  of  any 
other  a\odel  was  made  <luring  the  tests. 
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The  experimental  collapse  pressures  are  presented  in  Table  4,  Collapse  of  each  model 
occurred  in  a  sudden,  unmistakable  fashion  and  left  a  completely  crystallized  residue.  Figure  4 
shows  a  typical  model  before  and  after  test,  .‘^c.me  of  the  morlels  collapsed  while  pressure  was 
being  applied  and  others  collapsed  while  the  pressure  load  was  being  held  constant.  In  no 
case  was  a  “fall-off”  in  pressure  observed  prior  to  collapse. 

DISCUSSION 

Since  all  models  had  variations  in  thickness  and  initial  departure  from  midsurface 
sphericity,  their  collapse  strength  can  best  be  calculated  using  the  empirical  Equation  [5]. 
Figure  5  presents  a  comparison  of  the  experimental  collapse, pressures  with  the  pressures 
calculated  using  Equation  [5|.  .A  summary  cf  the  measured  and  calculated  geometry  of  the 
local  imperfection,  which  was  assumed  to  center  about  the  point  of  minimum  measured  thick¬ 
ness,  is  given  in  Table  n.  The  measured  local  outside  radius  /?^  is  assumed  to  be  equal  to 

for  the  hand-blown  models  since  the  average  shell  thickness  over  a  critical  length  was 
*0  .  .  . 

not  significantly  greater  than  the  minimum  measured  thickness.  In  addition,  it  could  not  bo 
determined  from  the  limited  data  recortled  whether  the  local  reduction  in  thickness  occurred 
at  the  inner  surface,  at  the  outer  surface,  or  at  both  surfaces. 

The  agreement  between  experimental  collapse  pressures  and  the  pressures  calculated 
using  empirical  Equation  [5]  was  fairly  good  for  most  models.  In  general,  the  models  which 
had  thin  ^spots  near  the  edge  of  the  hemisphere  in  contact  with  the  steel  closure  plate 
(.Models  C,  E,  F,  G,  11,  and  J)  all  collapsed  at  pressures  below  those  calculated  using 
Formula  (o).  This  would  bo  expected  since  previous  tests  have  demonstrated  that  a  rigid 
boundary  lowers  the  elastic  buckling  strength  of  hemispherical  shells.^  .All  other  models 
except  .Model  8  collapsed  at  pressures  close  to  or  in  excess  of  the  pressures  calculated 
using  Equation  [S],  .Although  almost  all  models  had  considerable  variation  in  thickness, 
and  thus  would  be  considered  imperfect;  many  of  the  models  had  practically  constant  radii 
and  thickness  over  a  critical  length.  In  addition,  alt  models  had  extremely  smooth  surfaces. 
Thus,  it  is  not  surprising  that  several  of  the  models  collapsed  at  pressures  approaching  the 
classical  buckling  pressure  for  perfect  spheres  when  based  on  local  geometry  over  a  critical 
length;  i.*'.,  some  collapse  pressures  approach  values  1.43  times  the  pressures  calculated 
using  Equation  [o].  Those  tests  once  again  support  the  validity  of  the  classical  small  de¬ 
flection  buckling  theory  for  perfect  spheres.  .As  in  the  case  of  machinial  metalic  shells,'’ 
however,  it  does  not  appear  that  spherical  shells  can  be  manufactured  or  (aeasured  to  the 
accuracy  required  to  rely  on  the  classical  equation  for  design  purposes. 

The  average  calculated  stresses  at  collapse  in  .Models  9  and  10.  baser!  on  local 
imperfection  geometry,  were  almost  ttOO.OOO  psi.  .Model  9  withstood  stress  levels  of  almost 
300,000  psi  without  any  visible  cracking  or  permanent  set.  Since  the  collapse  of  .Models 
9  and  10  as  well  as  all  other  morlels  was  apparentlv  elastic  (see  Figure  3),  these  tests  do  not 
demonstrate  the  maximum  strength  of  No.  7740  glass.  However,  it  apfiears  safe  to  conclude  on 
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the  basis  of  those  tests  that  annealed  So.  7740  glass  has  a  compressive  strength  in  excess 
of  300,000  psi.  In  fact,  these  tests  certainly  do  not  cast  any  doubt  on  the  validity  of  IJridgman’s 
work\in  which  he  obtained  stresses  of  800,000  psi  in  glass  without  causing  any  permanent 
deformation.*  For  practical  deep-submergence  application.s,  therefore,  certain  glass  may  be 
assumed  to  have  an  infinite  compressive  strength. 

The  strength-weight  characteristics  of  those  models  are  sho'xn  in  Figure  6-  The  experi¬ 
mental  points  in  Figure  6a  are  based  on  local  geometry  and  thus  represent  woight-to-displacoment 
ratios  for  essentially  near-perfect  spheres.  The  experimo.atal  data  in  Figure  6b  arc  based  on 
average  measured  thickness  over  the  entire  model  and  on  nominal  outside  radius.  Figure  6 
demonstrates  that  the  strength-weight  characteristics  of  spherical  glass  shells,  as  well  as  of 
any  other  type  of  spherical  shell,  have  littlc  meaning  unless  local  geometry  is  adutiuatcly 
defined.  Figure  6  also  demonstrates  the  influential  role  which  manufacturing  tolerances  play 
on  strength-weight  characteristics,  or  structural  efficiency,  of  spherical  glass  shells. 

The  estimated  collapse  depth  versus  ratio  of  weight  to  displacement  for  near-perfect 
spheres  of  various  available  materials  is  presented  in  Figure  7.  The  .Model  IJasin  empirical 
design  equation  was  used  in  all  calculations.  Since  many  of  the  materials  have  nonlinear 
stress-strain  characteristics,  the  general  form  of  Equation  [3|,  which  accounts  for  reductions 
in  secant  and  tangent  modulus,  was  used.^*  ®  Typical  stress-strain  curves  wore  assumed 
in  all  calculations.  It  is  apparent  from  Figure  7  that  glass  shows  an  outstanding  strength- 
weight  advantage  over  such  materials  as  high-strength  steels,  glass-reinforced  plastics,  and 
aluminum  and  titanium  alloys.  For  example,  a  No.  77-10  glass  sphere  with  a  weight-displacement 
ratio  of  0.4  has  a  static  collapse  depth  approximately  10  times  that  of  an  IIV-SO  steel  sphere 
of  the  same  ratio.  Pyroceram*®  spheres  show  promise  of  providing  even  higher  strength-weight 
characteristics  than  do  No.  7740  glass  spheres. 

.•\lthough  No.  7740  glass  and  Pyroceram  are  the  only  two  glassy  materials  shown  in 
Figure  7,  there  are  many  more  materials  of  this  general  type  which  give  promise  of  yielding 
equal  or  oven  superior  results.  This  fact  has  been  emphasized  by  II. .-V.  Perry  of  the  .N’aval 
Oixinance  Laboratory  in  a  paper  presented  at  the  recent  David  T.aylor  Model  Basin  Workshop 
on  Doop-Submorgonce  Hulls.  Perry  has  given  this  class  of  materials  the  name  “bridgmanites" 
which  ho  defines  as  follows; 

class  of  synthetic  solids  with  minimum  yield  strength  of  at  least 
one  million  psi  and  no  creep  alonlinary  temperature.  These  solids  are 
inorganic  and  amorphous,  but  may  contain  crystallites  as  a  minor  phase. 

The  major  phase  may  be  a  macromolecule.  The  bridgmanites  include 
silica,  the  high-silicato  gl.asses  and  glassy  boron.  The  unique  behavior 
of  the  high-.silieate  glasses  under  high  pressure  was  first  recognized  by 
the  late  Profe.ssor  P.W.  Bridgman  in  whose  memory  this  class  of  solids 
is  named." 

Based  o.n.  the  |)henomenal..sttengtlui'veigh.L.char!i.ctetLStlcs  ot-bridgmanite.structures  a.s, 
demonstrated  in  Figure  7,  further  investigation  of  the  potential  of  such  hulls  for  d(>ep- 
subniergence  applications  appears  worthy.  These  possible  applications  range  from  glass 
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microballoonn  ombo<l(If<l  in  a  pla.-jlic  matrix,  as  currently  bein"  studied  by  numerous  investi- 
I'ators,  to  hulls  for  manned  vehicles  ranging  in  diameter  from  about  5  to  30  ft.  The  te-sts 
reported  herein  have  shown  that  on  the  basis  of  short-term  static  strength,  the  strengih-to- 
weight  characteristics  of  hridgmanites  are  far  superior  to  those  of  other  mnterial.s  presently 
considered  for  deep-submergence  applications.  However,  the  long-term  mechanical  properties 
of  hridgmanites  in  a  marine  environment  have  not  been  demonstrated.  These  critical  properties 
include  tensile  strength,  crack  resistance,  static  fatigue  (stress  corrosion),  cyclic  fatigue, 
impact  resistance,  and  creep.  Until  these  material  properties  are  determined  under  in-service 
conditions  for  economically  feasible  structural  elements,  the  potential  of  these  materials  for 
deep-submergence  applications  cannot  be  properly  assessed. 

SUMMARY 

1.  The  experimental  collapse  pressures  were  adequately  calculated  using  empirical 
design  Equation  [5]. 

2.  By  obtaining  isolated  collapse  pressures  considerably  above  those  calculated  using 
Equation  (ol,  those  tests  support  the  validity  of  the  classical  small  deflection  theory,  for 
initially  perfect  spheres. 

3.  .Maximum  stress  levels  of  about  .300,000  psi  were  obtained  in  those  tests.  However, 
those  results  do  not  demonstrate  the  maximum  compressive  strength  of  No.  7740  glass  since 
each  failurc-initialetl  in  the  elastic  buckling  range. 

4.  .Manufacturing  tolerances  have  a  significant  effect  on  the  slrength-to-weight  character¬ 
istics  of  spherical  glass  shells. 

0.  Spheres  composed  of  No.  7740  glass  and  other  bridgmnnite  material  have  an  outstanding 
strongth-to-weight  advantage  over  any  other  type  hull  using  known  materials.  For  example,  a 
No.  7740  glass  sphere  with  a  weight-to-displacement  ratio  of  0.4  has  about  a  10  to  1  hydro¬ 
static.  strength  advantage  over  an  HY-80  steel  sphere  of  the  same  weight. 

fi.  Thu  long-term  mechanical  properties  of  hridgmanites  in  a  marine  environment  must  ho 
evaluated  before  the  potential  of  these  materials  for  deep-submergence  applications  may  be 
properly  assessotl. 


RECOMMENDATIONS 

1.  Long-term  mechanical  properties  of  hridgmanites  (such  ns  tensile  strength,  crack 
resistance,  static  fatigue,  cyclic  fatigue,  impact  resistance,  and  creep)  in  a  marine  environment 
should  bo  investigated. 

2.  .A  comprehensive  investigation  should  he  conducted  of  the  potentials  of  hridgmanites 
as  structural  members  or  coinjaments  of  naval  vessels  and  wea|)ons  and  the  (>rohlems  involved 
in  their  use. 
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UNEVENCSS  FACTOR 


Figure  1  -  Effect  of  Initial  Imperfections  on  the  Elasti 
Buckling  Coefficient  for  Spherical  Shells 
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Fi^re  3*  —  Measurinf  Local 
Outside  Radius 


Figure  Jb  —  Meaaurinc  Vail  TbickneHS 

FisTdri'  U  -  Moili'l  liurin"  InsjH'ftion 


Fijvrt  4b  -  After  Tes» 

Figure  4  -  McxJel  before  und  after  Tost 
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COLLAPSE  DEPTH  IN  FEET 


Figure  G  —  Experimental  Collapse  Depth  versus  Ratio  of  Weight  to  Displacement 
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Fijur*  6a  —  on  Local  tmparftctlon  Caotiatrv 


COLLAPSE  DEPTH  IN  FEET 


WEIGHT  OF  OISPLACEMENT  IN  SEA  WATER 


Figure  7  -  EslimatoJ  Collapse  Depth  versus  Ratio  of  Weight  to  Displacement 

for  Near  Perfect  Spheres 
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Measured  Model  Dimensions 
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Experimental  Collapse 
Pressures 
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